ABSTRACT: The formation of periodic hypoxia within tributary estuaries, and its relationship to the spring-neap tidal cycle, has been well documented in several systems along the US east coast. However, the importance and scale of other physical and biological processes, which ultimately control the frequency and spatial extent of hypoxia, are less well understood. This study synthesized in situ measurements, metabolic incubations, and high-resolution water quality monitoring into a spatially explicit, temporally integrated mass balance to examine the significance of multiple organic matter sources and oxygen sinks in relation to hypoxia in the York River estuary (YRE), Virginia, USA. Results highlight episodic peaks in gross primary production (GPP) mostly unrelated to the spring-neap cycle, with phytoplankton accounting for the bulk of total GPP. Despite extensive shoals, microphytobenthos contributed under 20% and typically under 10% of total GPP. Respiration rates were sufficient to drive bottom waters to hypoxia during transitions from spring to neap tides. While GPP generally appeared to be relatively balanced with respiration, results indicated an area at the mesohaline−polyhaline boundary that was net heterotrophic. Phytoplankton production dominated the estimated inputs of organic carbon from the tributaries and surrounding watersheds, and was 1.5 times greater than inputs from the Chesapeake Bay, which roughly balanced exports. Management efforts to alleviate hypoxia should focus on reducing internal phytoplankton production, although inputs of labile organic matter from the Chesapeake Bay represent an important source that can only be controlled by more regional efforts.
INTRODUCTION
Hypoxia represents one of the most common and ecologically detrimental outcomes of anthropogenic nutrient enrichment in coastal marine ecosystems (Diaz & Rosenberg 1995 . Hypoxia (defined here as ≤2.0 mg O 2 l −1 ) and eutrophication within the Chesapeake Bay and its tributaries have been intensively studied with large-scale monitoring programs and smaller-scale high intensity sampling over the past 25 yr in response to declining water quality, increasing deep water hypoxia, and loss of submerged aquatic vegetation between the 1950s and 1980s (Cooper & Brush 1991 , D'Elia et al. 2003 , Kemp et al. 2005 . The seasonal development of anoxia within the mainstem of the Chesapeake Bay has been linked to the input of fresh water (primarily from the Susquehanna and Potomac Rivers) and as sociated influx of organic matter and nutrients during high flow periods (winter and spring), the production and subsequent deposition of organic matter during the spring phytoplankton bloom, and density driven water column stratification (Taft et al. 1980 , Officer et al. 1984 , Seliger et al. 1985 , de Jonge & van Beuse kom 1995 , Cloern 2001 , Hagy et al. 2004 , Kemp et al. 2005 . Bacterial respiration of the de posited auto chthonous and allochthonous organic matter fuels the formation of seasonally persistent summertime anoxia in the bottom water under warm summer temperatures (Malone et al. 1986 , Kemp et al. 1992 , Paerl et al. 1998 , Møh-lenberg 1999 , Rabalais et al. 2007 .
Although this mainstem conceptual model of hypoxia formation is appropriate for a number of estuarine systems worldwide, it does not apply as well to conditions that are present within some of the Chesapeake Bay's shallower tributaries. These tributaries are influenced by multiple sources of labile organic matter, advection of high nutrient/low oxygen water from the mainstem, and variable physical mixing processes -both tidally and wind driven (Haas 1977 , Kuo & Neilson 1987 , Sharples et al. 1994 , Fisher et al. 2006 . Additionally, recent studies have demonstrated the importance of estuarine circulation in advection of nutrients and sometimes hypoxic water from the mainstem into these sub-estuaries (Jordan et al. 1991 as well as in other coastal marine systems (de Jonge 1997 , Brush 2004 ).
The York River estuary (YRE) (Fig. 1 ) oscillates between stratified and well-mixed conditions due to the physical mixing of the spring-neap tidal cycle (Haas 1977 , Hayward et al. 1982 , Kuo & Neilson 1987 , Diaz et al. 1992 . This unique physical mechanism creates the potential for continued formation and disruption of bottom water hypoxia from late May to early September within the lower half of the estuary. Destratification events have the ability to supply regenerated nutrients to the surface water, stimulating phytoplankton production throughout the summer and early fall (D'Elia et al. 1981 , Haas et al. 1981 .
While previous studies in the YRE have highlighted the interaction between the spring-neap cycle and the occurrence of low oxygen bottom water, we still lack an understanding of how the full suite of biological processes interact with physical stratification in the system (Countway et al. 2007) . Until now there has not been an attempt to establish a constrained carbon budget for the York River, which would be achieved by examining the multiple organic matter sources that ultimately drive this system to hypoxia. In addition to internal phytoplankton production, and riverine and offshore inputs of dissolved (DOC) and particulate (POC) organic carbon, contributions to this system from the extensive microphytobenthic community are not well known. An additional driver of hypoxia in the YRE could be advection of water with low dissolved oxygen (DO) concentrations from the lower Chesapeake Bay mainstem as indicated by high-resolution surveys in the lower estuary ( Fig. 2a,b) . Al though the lower mainstem portion of the Chesapeake Bay is not typically considered as a potential source of low DO water, it was classified as an area of low oxygen water in the 1950s (Officer et al. 1984) and more recently identified as an area of hypoxic water separate from the mesohaline mainstem hypoxic/ anoxic zone in 1999 (Hagy et al. 2004 ).
To establish a better understanding of the biological and physical factors controlling organic matter loading and subsequent development of hyp o xia in the YRE, a multi-faceted sampling A series of high-resolution 2-and 3-dimensional surveys of water quality were performed using an Acrobat TM (Sea Sciences) towed undulating platform as part of a larger program to determine the conditions that lead to the formation and disruption of bottom water hypoxia within the estuary. Discrete sampling and metabolic incubations were conducted to assess the effect of the spring-neap cycle on surface water column nutrient concentrations, chlorophyll a (chl a) concentrations, and surface and bottom water metabolic rates. Measured rates of oxygen consumption were compared to empirical trajectories of oxygen decline over multiple spring to neap tide transitions to assess the potential for internal respiration to account for observed levels of hypoxia in the system, or whether advection of hypoxic water from Chesapeake Bay had to be invoked to fully account for the observed declines. Finally, data were synthesized into a spatially-explicit, temporally-integrated mass balance of carbon to examine the significance of multiple organic matter sources in relationship to hypoxia in the estuary.
MATERIALS AND METHODS

Site description
The YRE is formed by the confluence of the Mattaponi and Pamunkey Rivers near West Point, Virginia, approximately 55 km from where the river enters the mainstem of the Chesapeake Bay on its western edge (Shen & Haas 2004) (Fig. 1) . The polyhaline segment of the river extends from the mouth to Catlett Islands (approximately 19 km), and the mesohaline region continues from this point approximately 16 km upstream to the confluence of the Matta poni and Pamunkey Rivers. Although the surrounding watershed has the second highest population density of the 3 larger Virginia tributaries, the overall land use surrounding the York River proper is predominantly rural with 62% forested and 16% agricultural land (Dauer et al. 2005) .
For this study the YRE was sub-divided into 4 primary sampling regions along its axis (Fig. 1) . These regions were designated based on the presence of hypoxia observed during 2007 Acrobat TM monitoring cruises and to cover the portion of the river that has historically experienced hypoxia based on long term water quality monitoring by the EPA Chesapeake Bay Program (CBP). The 2 upstream mesohaline sites located near Clay Bank (CB) and Catlett Islands (CI) were characterized as having little to no signs of hypoxia, while the 2 downstream polyhaline sites Mumfort Island (MI) and the lower York River (LYR) were observed to develop periodic hypoxia during 2007 Acrobat TM monitoring surveys and in previous studies (Kuo & Neilson 1987 , Kuo et al. 1993 .
Acrobat
TM monitoring
As part of a larger water quality monitoring program, the YRE was surveyed during the summers of 2007 and 2008 using an Acrobat TM system equipped with a CTD (Falmouth Scientific Seabird), SCUFA fluorometer/turbidometer (Turner Designs), and a rapid response (300 ms) dissolved oxygen (DO) sensor (AMT Analysenmeßtechnik). Acrobat TM sensors collected spatially-referenced data 4 times a second with a horizontal resolution of 6 to 8 m and a vertical resolution of 5 to 10 cm, for a total of 40 000 to 50 000 data scans per survey. Prior to deployment and immediately following each cruise, a 2-point calibration was performed on the DO sensor (0 and 100% saturated water). Additionally, DO grab samples were collected at the beginning and end of each cruise and analyzed (standard Winkler titrations) to ensure sensor accuracy (± 0.5 mg l −1 ). Monitoring surveys along a zig-zag path were conducted bimonthly (2007) or monthly (2008) to capture the spatial extent of hypoxia in 3 dimensions (Fig.1) . A second straight-line, temporally-intensive sampling strategy was used to capture the development, spread, and disruption of individual hypoxic events during June and August of each year. These intensive surveys were conducted every 2 to 3 d for 2.5 wk through a neap-spring-neap tidal cycle, sampling the deepest section of the main channel. For the 2008 sampling season the intensive Acrobat TM cruises were extended approximately 15 km into the lower mainstem of the Chesapeake Bay to identify possible sources of hypoxic water that could be advected into the YRE.
Spring-neap discrete surveys
To collect data on additional water quality parameters and to develop metabolic budgets, a series of 13 water quality surveys and metabolic incubations were conducted from June to September 2008. Sampling dates were selected with a 3 d lag behind the apex of spring and neap tides in order to sample the river at the peak of mixing and stratification, respectively, as indicated by previous studies (Haas 1977 , Haas et al. 1981 , Hayward et al. 1986 ) and past Acrobat TM surveys. At each channel site ( Fig. 1 ) a YSI 6600 series V2 sonde was used to measure temperature, salinity, chlorophyll a, and DO at the surface (0.5 m) and at 1 m intervals (starting at 1 m below the surface) to the bottom of the river. All YSI probes were cleaned and calibrated prior to each survey in accordance with YSI's operating manual methods. Conductivity and DO were calibrated using a 0.2 M standard solution of potassium chloride and 100% air saturated water, respectively. Additionally, a 2-point calibration was performed on the optical turbidity and chlorophyll a probes using deionized water and YSI conductivity standard or a rhodamine dye standard, respectively. A LiCor LI-1400 was used to measure irradiance through the water column at an intermediate site between the channel and nearshore sites for computation of vertical attenuation coefficients (k D ). Readings were taken just below the surface (< 0.1 m) and at 1 m. All YSI and LiCor measurements were obtained in triplicate at each depth.
Surface water samples (0.25 m below surface) were collected at each channel site in 500 ml amber Nalgene bottles and immediately placed on ice until they were transported to the lab. Water column chlorophyll a (WC chl a) was determined by filtering 15 or 20 ml (depending on concentration) through a Whatman 0.7 µm glass microfiber filter, sealed in alu minum foil, and placed in the freezer. Samples were later removed and extracted in the dark for 24 h in 8 ml of 45:45:10 dimethyl sulfoxide:acetone: rea gent water with 1% diethylamine (Shoaf & Lium 1976) , and read on a 10 AU Turner Design fluorometer before and after acidification. All WC chl a samples were run in triplicate and processed within 1 mo after the initial sampling date. Nutrient samples were filtered through pre-rinsed 0.45 µm Acrodisc filters and frozen until analysis for dissolved inorganic nitrogen ( At each nearshore site ( Fig. 1) , 3 replicate sediment samples were collected by pole corer for sedi-ment chlorophyll a (SED chl a) analysis at a depth of 1 m below mean lower water (MLW), taking into account the daily tidal range. Subsamples of the 0 to 0.3 cm depth fraction of each core were transferred into sterile 15 ml Falcon polypropylene centrifuge tubes (BD Biosciences), and immediately placed in an ice filled cooler and frozen for a maximum hold time of 1 mo. Samples were extracted in 10 ml of a 90% acetone:10% reagent water (by volume) solution, vortexed for 30 s on full power, and sonicated for an additional 30 s at 4 to 5 watts with a Fisher Scientific Dismembranator. After a 24 h extraction period in the freezer, samples were filtered with PALL Life Science HPLC Acrodisc filters (25 mm filter with a 0.45 µm CR-PTFE) and analyzed spectrophotometrically on a Beckman DU 800 Spectrophotometer before and after acidification using the equations of Lorenzen (1967) to correct chl a values for phaeophytin.
Metabolic incubations
Surface water, bottom water, and deep channel sediment cores were collected on each survey at each channel site, and shallow water sediment cores were collected monthly at each nearshore site to develop production-irradiance (P-I) curves and compute metabolic rates. Surface water samples were collected in blackened 2 l Nalgene bottles at a depth of approximately 0.5 m. Bottom water samples (1 m above the sediment surface) were collected using a Niskin bottle and immediately transferred into blackened 4 l Nalgene bottles. Deep channel sediment cores (n = 4) were collected during each survey using a box corer, sub-sampled with clear acrylic tubing (height 15 cm: i.d. 4.1 cm) and immediately placed on ice. Nearshore sediment cores (n = 13) were collected at 1 m below mean low water (MLW) in cores of the same size. Sediment height within both the nearshore and deep channel cores was approximately 7 cm, with 8 cm of overlying sample water.
Metabolic rates were determined using the methods of Giordano (2009 ), Lake & Brush (2011 ), and Giordano et al. (2012 . Water samples were incubated immediately upon returning to the lab. Initial oxygen measurements for metabolic experiments were determined with a HACH HQ 40d oxygen meter with luminescent DO sensors. Ten 60 ml BOD bottles were filled with surface water and incubated at ambient temperatures in temperature-controlled, flow-through light gradient boxes under an increasing gradient of photosynthetically active radiation ). Four additional surface water samples and 4 bottom water samples were placed in a corresponding temperature-controlled dark box for determination of respiratory rates. Samples were incubated in the light for 1 to 2 h, while dark incubations lasted for 15.5 to 27.5 h, depending on oxygen uptake rates.
Sediment cores were allowed to acclimate uncapped overnight in gently mixed, filtered seawater. Just prior to incubation, the overlying core water was siphoned out of the nearshore cores (taking care to not disturb the sediment surface) and replaced with filtered (0.5 µm) site water with a known DO concentration. Similarly, deep channel cores were siphoned and replaced with unfiltered site water with a known DO concentration. All samples were sealed with poly ethylene (Saran Wrap TM ), which has a low oxygen permeability (5.8 × 10 −5 ml cm −2 h −1
; Pemberton et al. 1996) held in place by a tight rubber band. Once sealed, the cores were placed in light gradient boxes and incubated as described above for approximately 1.5 to 2 h in the light and 2 to 3 h in the dark (n = 10 for nearshore cores in the light; n = 3 for nearshore cores in the dark; and n = 4 for deep channel cores in the dark).
Net community production (light) and respiration (dark) rates for the water and sediments were computed from the change in DO concentrations over the incubation period and normalized to chl a biomass (0 to 3 mm for cores). Water column metabolic rates were used to develop a series of production-irradiance (P-I) curves using the equation of Platt et al. (1980) in Statistical Analysis Systems (SAS ® ), which takes into account photoinhibition:
where net biomass-specific production (P B , mg O 2 mg chl
) is dependent on irradiance (I, μE m −2 s −1 ) and 4 statistically determined variables -a term that corresponds to the maximum gross photosynthetic rate in the absence of photoinhibition (P ). Sediment incubations were used to develop a similar series of P-I curves using the Jassby & Platt (1976) ).
Computed oxygen trajectories
To assess the role of internal respiration versus ad vection of hypoxic water from the Chesapeake mainstem in the formation of hypoxia within the YRE, bottom water and deep channel sediment respiration rates obtained from the metabolic experiments were combined with in situ measurements of DO from the Acrobat TM surveys to compare observed and computed declines in bottom water oxy gen concentrations in the mesohaline and polyhaline segments during spring to neap tide transitions. Data from 5 Acrobat TM cruises from spring to post neap tidal stage (representing the transition from minimum stratification and highest DO to maximum stratification and lowest DO) during June and August of 2007 and 2008 were used to cal culate the volume-weighted change in subpycnocline DO concentrations within each segment of the river using the NOAA Chesapeake Bay and Tidal Water Interpolator (http://archive.chesapeakebay.net/ cims/ interpolator. pdf). Pycnocline depths were set at 5 and 9 m in the mesohaline and polyhaline regions, respectively, based on Acrobat TM re sults. Sub-pycnocline respiratory oxygen demands were calculated by averaging the rates of bottom water and deep channel sediment respiration from the corresponding sites in the mesohaline (CB & CI) and polyhaline (MI & LYR) segments. These average rates were then linearly interpolated between sampling dates and scaled up by volume (water column) and area (sediment) to obtain segment-wide rates of daily oxygen consumption. Uncertainty around these rates was included by interpolating ±1 standard error in the measured rates between sampling dates. The observed changes in bottom water DO concentrations from the Acrobat TM surveys were then compared to concentrations computed from the interpolated measurements of respiratory oxygen demand with associated uncertainty. Measured metabolic rates from June and August of 2008 were applied to June and August of 2007, respectively, as metabolic incubations were only conducted in 2008. While this calculation assumes that the bottom water was completely isolated from mixing with the surface water and that GPP in this layer was zero, it provides an estimate of what DO trajectories would have been if internal respiration was the sole factor governing oxygen concentrations. These estimates, therefore, provide a first-order constraint in determining whether internal metabolism alone could drive the observed formation of hypoxia below the pycnocline or whether other physical processes, like the advection of low DO water from the mainstem, were required to match the observed DO trajectories.
Carbon budget
P-I parameters were combined with time series of chl a, k D , and incident PAR to generate estimates of daily gross primary production of the water column and benthos (GPP WC and GPP B , respectively), daily net community production (NCP WC and NCP B ), and daily respiration (R WC and R B ) for each region of the YRE. First, estimated values for P , R B , and k D for each station and cruise were linearly interpolated between sampling dates. Second, YSI depth profiles of WC chl a were binned in 0.5 m intervals from the surface to 5 m, since measured attenuation coefficients indicated that photic depths (1% of surface irradiance) were less than 5 m at all sites through out the sampling period. YSI chl a readings were scaled to extracted chl a by normalizing the YSI values at depth to the surface reading (0.5 m) and multiplying all values by the extracted surface concentration. SED chl a biomass was also binned in 0.5 m intervals by applying a biomass-depth curve developed from extracted samples as part of a larger microphytobenthic (MPB) biomass study along the entire estuary (authors' unpubl. data). This biomassdepth curve was developed from 3 sampling events at 6 stations in the estuary during the spring, summer, and fall of 2009. SED chl a was measured at 0.25 m below mean low water (MLW), and in 0.5 m intervals from the surface to 2.5 m below MLW. Biomass-depth curves were expressed as a fraction of the maximum SED chl a along each depth transect (values deeper than 2.5 m were calculated based on linear extrapolation of biomass using the rate of change between 2 and 2.5 m MLW); seasonal biomass-depth curves were combined with measured SED chl a concentrations from 2008 at 1 m MLW to reconstruct SED chl a on each sampling date from 0 to 4 m in 0.5 m bins. All water column and sediment chl a values were then interpolated in each depth bin between sampling dates to generate daily values over the study.
Third, PAR data from the Chesapeake Bay Na tional Estuarine Research Reserve meteorological station at Taskinas Creek, Virginia (May to November 2008) were downloaded (www.nerrs.noaa.gov) and used to calculate average hourly instantaneous PAR (μE m −2 s −1 ) for the study period. Finally, bathymetric soundings were downloaded from the NOAA National Geophysical Data Center (www.ngdc.noaa. gov) and interpolated using a kriging function in ESRI ArcMAP GIS v. 9.3, to a 5 m × 5 m grid with a resolution of 10 cm in the vertical. The surface area and volume within each sampling region (Fig. 1) was computed in 0.5 m depth intervals from mean sea level (MSL) to the bottom.
Interpolated time series of P-I parameters, k D , chl a biomass, and hourly PAR were used to compute hourly gross primary production and respiration of water and sediments over 0.5 m depth intervals in each region of the YRE. Metabolic rates from CB were applied to the adjacent upper river (UR) region, from CB up to the head of the estuary (Fig. 1) . Constant photosynthetic and respiratory quotients of one were applied to all sites to convert from oxygen to carbon units (Kemp et al. 1997 , Smith & Kemp 2003 . While photosynthetic and respiratory quotients are variable (Laws 1991 , Harding et al. 2002 , a direct comparison has not been made for the YRE. Hourly metabolic rates were integrated over depth and time to produce site-specific daily values; these rates were then integrated over area, volume, and time to obtain monthly and seasonal region-and estuary-wide estimates of GPP and net ecosystem metabolism (NEM) (GPP minus R). Integrated sediment respiration was computed by area-weighting shallow and deep rates by the sediment surface area above and below the pycnocline, calculated using the NOAA bathymetric data.
To compare these internal carbon sources to external inputs, dissolved organic carbon (DOC) and particulate organic carbon (POC) concentrations at the head (CBP site RET 4.3) and mouth (CBP site WE4.2) of the YRE (Fig. 1) were downloaded from the CBP website (www.chesapeakebay.net). Bottom water DOC concentrations at site WE4.2 were unavailable; values were estimated by multiplying the surface water DOC to POC ratio by the bottom water POC concentration on each sampling date. Daily river flows for the Mattaponi and Pamunkey Rivers were downloaded from the Virginia USGS website (http:// va.water.usgs.gov) and scaled to the entire YRE watershed including the area below the fall line. An Officer (1980) box model was used to calculate the exchange rates between the LYR and the Chesapeake Bay using interpolated CBP salinity values measured throughout the system. These freshwater flows and computed exchanges with the Chesapeake were combined with daily interpolated DOC and POC concentrations to estimate input and export of organic carbon across the upstream and downstream boundaries.
Estimating and scaling uncertainty
The inclusion of error estimates in budget calculations of this kind are necessary in order to identify the relative uncertainty associated with each term, and are also useful in determining what input terms need to be focused on in future studies. The magnitude of uncertainty related to various input terms (e.g. chl a, k D , P-I parameters, respiration rates) used to construct this carbon budget have been included on figures as standard error. These calculations follow the framework laid out in Boynton et al. (2008) and Lehrter & Cebrian (2010) . The uncertainty associated with computing daily primary production from input terms with associated standard errors was calculated by performing a series of Monte Carlo simulations where chl a, k D , and all associated P-I parameters were randomly selected from their normal distributions. A series of 1000 independent simulations were conducted for both water column and sediment production rates for each site on each sampling date. GPP rates are presented as the mean of those 1000 simulations ±1 standard deviation. Initial testing with the Monte Carlo approach indicated that 500 simulations were sufficient to constrain the standard deviation. This exercise provides estimates of the uncertainty around our measured daily rates, but we have not attempted to propagate error in our daily interpolations between sampling dates or into our seasonal mass balance of organic carbon as that is beyond the scope of the present study.
RESULTS
Water column variability and the spring-neap cycle
During the first half of the summer, the York River experienced 2 periods of strong density stratification (bottom to surface, Δ sigma-t > 2 kg m −3 ) that were prevalent over consecutive sampling periods (Fig. 3c) . These prolonged events were longer in duration and did not follow the typical spring-neap tidal cycle. The first prolonged event during June resulted from storms that initially disrupted stratification during a neap tide, but which was subsequently followed by a significant pulse of fresh water that acted to stratify the system for a 2 wk period (Fig. 3a,c) . During mid-July, a relatively weak spring tide did not lead to the complete breakdown of stratification in the 2 polyhaline sampling sites (Fig. 3b,c) . Finally, during mid-August, stratification completely broke down throughout the entire river due to a series of strong storm events that acted to completely mix the water column (Fig. 3a-c) . Although the lower estuary did not experience stratification during each neap tide, hypoxia did develop during each strong stratification event (Fig. 3c,d ). Surface nutrient concentrations did not show an apparent pattern related to the spring-neap cycle (Fig. 4a-c) . DIN concentrations remained low throughout June and July until the middle of August, at which point the water column stratification began to break down. DIP concen- trations were also low in early June, increasing slightly at some locations during the summer before a brief period of decline in mid-August. DIP at all locations increased in late August and throughout September. Silica concentrations remained elevated, compared to DIN and DIP, from June to September 2008. In contrast to nutrients, surface chl a concentrations displayed oscillations in early summer in part related to the spring-neap cycle, with a tendency for higher concentrations during more stratified neap tides (Fig. 4d) . Chl a concentrations decreased in late August following late summer storm events (Fig. 3b) . ). However, photic depth (1% of surface irradiance) never exceeded 5 m in any region on any sampling date.
Metabolic incubations
Water column maximum photosynthetic rates and integrated daily production (GPP WC ) varied throughout June, July and August with no clear relationship to the spring-neap tidal cycle (Figs. 5a & 6a) . Sediment maximum photosynthetic rates and integrated daily production (GPP B ) remained constant at most sites from June to July before decreasing in August and September (Figs. 5b & 6b) . Throughout the study, the maximum sediment photosynthetic rates in the LYR remained elevated compared to other 3 regions of the YRE (Fig. 5b) . Surface and bottom water column respiration rates exhibited seasonal and shorter-term peaks with the highest rates occurring during mid-summer (Fig. 5c,d) . Similarly, shallow sediment respiration rates peaked in midsummer, while deep channel rates increased initially 30 Fig. 5 . Time-series of (a) water column and (b) sediment maximum gross photosynthetic rate (in the absence of photoinhibition) measured during light box metabolic incubations following the spring-neap surveys. Hourly biomass-specific values were multiplied by chl a biomass and scaled to daily rates to 24 h of continuous irradiance. Lower panels show mean respiration rates for (c) surface (0.5 m) and (d) bottom water, and (e) shallow and (f) deep channel sediments. Hourly biomass-specific values were multiplied by chl a biomass and scaled to daily rates. Error bars on all panels represent standard error. Open symbols correspond to dates when fewer than 3 replicates were available or error estimation was not possible due to lack of required data. Mean rates are offset in time to limit overlap of means and error bars. See Fig. 3 for details of sampling region abbreviations in mid-June before decreasing at all sites from July to early August (Fig. 5e,f) . During mid-August deep channel respiration rates increased slightly as a series of storms broke down stratification throughout the river (Fig. 3a-c) . (Fig. 7a,b) . During the intensive surveys in June 2008, DO concentrations initially increased due to a spring tide mixing event (Fig. 3b,c) , after which they declined at a rate of 3.43 and 0.15 mg O 2 l −1 d −1 in the mesohaline and poly haline zones, respectively (Fig. 7c) . During August 2008, DO concentrations in the mesohaline and polyhaline continually increased following a neap tide, which corresponded with the breakdown of stratification within both regions (Figs. 3c  & 7d) . DO trajectories computed using measured rates of respiration in bottom water and deep channel sediments in 2008 matched or fell below the computed decrease in volumeweighted DO based on Acrobat TM data -except in the mesohaline region during June 2008 (Fig. 7a-d) . These trajectories were computed starting at the , where a mixing event occurred following this initial survey that increased bottom water DO concentrations; in that case, the trajectories were computed from the second observation, after which hypoxia developed. These trajectories provide a first-order estimate of what oxygen concentrations would have been if they were controlled solely by internal respiration, and suggest that in most cases internal respiration was more than sufficient to cause the observed patterns in bottom water DO. The exception was in the mesohaline zone in June 2008, where respiration could not account for the observed rapid decline in DO concentrations; in this case, other mechanisms such as advection of hypoxic water from the polyhaline zone of the estuary must be invoked.
Computed oxygen trajectories: advection versus internal consumption
Carbon budget: internal versus external sources
Daily interpolated rates of GPP WC for the YRE oscillated on weekly as well as longer time scales throughout the summer of 2008 (Fig. 8a) . However, the realized effect of the spring-neap tidal cycle was overshadowed by longer temporal shifts in WC chl a biomass (Fig. 4d) and greater light availability in the LYR during mid summer (which exceeded all other regions during this period). Additionally, interpolated GPP WC initially increased at all sites in late August as stratification broke down before subsequently decreasing for the remainder of the study (Fig. 8a) . Although rates varied throughout the summer, mean monthly total gross primary production (GPP total , water column and benthic) generally decreased over the course of the summer (Table 1) , with less than 10% of total system gross primary production attributed to the MPB (Fig. 8a,b) .
Daily interpolated rates of R WC in the YRE did not appear to respond to the spring-neap cycle (Fig. 8c) . ), which accounted for approximately 11% of total system respiration throughout the summer (Table 1 , Fig. 8c,d ). Regional rates of NEM varied temporally and spatially throughout the river, with the highest rates of net autotrophy occurring during June in MI and LYR, and during September in CB and CI (Table 2) ). Seasonal NEM for the whole system decreased from June to August with a rebound in September as water column production increased and respiration rates de clined (Table 1) .
Since the rates of internal oxygen consumption appeared sufficient to drive development of bottom water hypoxia in the lower YRE, results from the metabolic incubations were used to construct a carbon budget for the system to identify the potential roles of autochthonous and allochthonous carbon sources in driving hypoxia. In addition to phytoplankton and MPB production, this analysis incorporated external sources of organic carbon from tributaries, the surrounding watershed, and Chesapeake Bay. Results indicated that the monthly average net input of DOC and POC from the 2 tributaries ranged from 5. ) of organic carbon from the Chesapeake Bay.
DISCUSSION
Drivers of water column dynamics
The 2008 Acrobat TM and springneap surveys confirmed the importance of density stratification and the development of hypoxia within the YRE; however, the spring-neap tidal cycle did not completely drive the oscillations between stratified and non-stratified periods (Fig. 3c) . A series of strong storms during early June acted to break down stratification over a neap tidal period, while the subsequent freshwater input following the storms stratified the system during a relatively weak semidiurnal spring tide (Fig. 3a-c) . During mid-July, stratification in the polyhaline York River did not fully break down until more than 3 d after a weaker spring tide. However, the system remained homogenous through the following neap tide due to stronger than predicted neap tidal amplitudes. Finally, during mid-August, stratification completely broke down throughout the entire river due to a series of strong storm events that acted to completely mix the water column (Fig. 3a-c) . High resolution sampling confirmed that the springneap cycle has the ability to control stratification and hypoxia, as noted in other previous studies (Haas 1977 , Hayward et al. 1982 , Kuo & Neilson 1987 . However, the results also indicated a number of other important physical factors that must also be considered, e.g. strong wind events, freshwater flow, and relative tidal mixing strength. Table 2 . Monthly and seasonal mean net ecosystem metabolism (NEM = GPP total -R total ) for each region of the York River estuary. Seasonal totals are integrated across daily interpolated rates and are not an average of the monthly values. See Fig. 1 for details of sampling region abbreviations
Metabolic rate measurements
The metabolic rates observed in this study were within the range or slightly below those reported from previous studies conducted in the lower polyhaline Chesapeake Bay. Kemp et al. (1997) (Fig. 8a) . The net water column primary production rates in this study ranged from 0.43 to 1.66 g C m −2 d −1 , which spanned the summer net 14 C primary production value of 1.2 g C m −2 d −1 reported by Harding et al. (2002) for the lower bay. However, these net rates fell below the daytime net community production values re ported by Smith & Kemp (1995) −1 ) by Cowan & Boynton (1996) (Fig. 5f ). However, the scaled YRE monthly average rates were slightly below this range (0.42−0.66 g O 2 m −2 d −1 ).
Computed oxygen trajectories
Comparing in situ DO concentrations over the intensive Acrobat TM surveys in 2007 and 2008 with trajectories computed using rates from the 2008 metabolic incubations (Fig. 7) provides an estimate of the role of respiration in controlling the observed changes in DO concentrations. While this exercise is admittedly first-order as it excludes mixing of oxygen across the pycnocline and assumes that the rates during 2007 were the same as 2008, it nevertheless provides a method for quantifying the relative importance of internal respiration as opposed to external factors (like advection of hypoxic water into the system from the lower Chesapeake Bay). The other major process that was excluded from these calculations is production of oxygen below the pycnocline. However, calculations based on measured attenuation of irradiance and P-I curves indicated minimal to no photosynthetic oxygen production below approximately 5 m, the depth used for the mesohaline pycno cline in these calculations (9 m in the polyhaline).
The comparison of in situ and computed DO concentrations within the polyhaline YRE indicated that internal respiration alone was capable of driving this system to hypoxia under stratified conditions without the need for advection of hypoxic water from the Chesapeake Bay (Fig. 7) . During the summer of 2007, the interpolated volumetric DO concentrations in the polyhaline declined at rates less than or equal to the combined water column and sediment respiration trajectories. During June of 2008, the DO concentrations in the polyhaline YRE initially declined slightly faster than suggested by respiratory rates; however, this may be due in part to a settling effect of higher density low DO water that was partially mixed into the surface layer during the previous spring tide (Fig. 2c,d ). The 2007 mesohaline oxygen concentrations also declined at rates equal to or less than the oxygen uptake trajectories measured for this region. During June of 2008, however, the observed DO concentrations for the mesohaline YRE declined much faster than those computed from metabolic rates, which suggests that factors other than internal respiration were required to explain the observed decline. In this instance, it appears that the rapid decline in DO concentrations was caused by the advection of low DO water into the mesohaline region from the polyhaline YRE. Acrobat TM surveys from 2008 ap pear to confirm this, as higher density low DO water ad vanced upriver following a spring tide (data not shown). DO concentrations in both the polyhaline and mesohaline increased throughout the month of August (2008), as fall storms mixed the entire water column for the remainder of the summer (Fig. 3a,b) .
Summer integrated GPP and R
Confirmation that internal respiration within the estuary was generally sufficient to drive hypoxia led to an evaluation of the importance of individual autochthonous and allochthonous organic matter sources and their potential to contribute to hypoxia at monthly and seasonal scales. While uncertainty was not propagated through the daily interpolated estimates of GPP and R (Fig. 8) used to generate the values in Table 1 , the estimated error associated with the measured rates (Figs. 5c-f & Fig. 6 ) indicates that the values are sufficiently well constrained to allow order of magnitude comparisons between water column and sediment rates, contributions from phytoplankton and MPB, and relative rates of production and respiration. Results indicated that phytoplankton production dominated total GPP in the system and was more than sufficient to offset the aerobic respiration in the water column and sediments (Table 1) . This study did not capture the spring phytoplankton bloom in the tributaries and upper river that precedes seasonal development of hypoxia in the polyhaline segment, which would provide an additional phytoplankton-based source of carbon for fueling hypoxia.
Microphytobenthic production has been suggested to be an important source of autochthonous carbon throughout the year in the York River (Buzzelli 1998) and similar shallow systems (Pinckney & Zingmark 1993 , Reay et al. 1995 . These results indicate that benthic production ac counted for less than 10% of GPP total throughout the summer, which is similar to the microphytobenthic production contribution for the mainstem Chesapeake Bay estimated by Kemp et al. (1999) . However, on a local scale, benthic production appeared to be more significant in some regions -specifically CI -where GPP B accounted for up to 20% of GPP total during the month of June before declining to less than 10% in July. Measured benthic production rates were consistently higher in the LYR throughout the summer compared to the other regions (Fig. 5b) ; however, the high rates of primary production did not offset the smaller percentage of photic surface area in the polyhaline zone (Fig. 8b) .
Water column respiration in the mesohaline remained relatively constant from June to late August 2008 with only short weekly periods of elevated rates, which may be due in part to resuspension of the bottom boundary layer resulting from stronger tidal currents. Bed erodibility in this region, which has been demonstrated to be higher than in the lower polyhaline (Cartwright et al. 2009 ), likely suspends some labile particular organic matter and pore water nutrients into the overlying water column, increasing water column respiration rates. Within the polyhaline regions, R WC rates increased in mid-July, as GPP WC decreased, and remained elevated compared to the mesohaline regions throughout the summer (Fig. 8c) . Elevated polyhaline R WC rates were approximately double the corresponding rates in the mesohaline during July and August, which likely resulted from the degradation of internally produced organic matter resulting from greater light availability in the LYR, and advected labile DOC and POC water from the lower Chesapeake Bay.
Spatial and temporal variations in NEM
NEM varied both temporally and spatially throughout the river during the summer of 2008. During June, all sites were found to be net autotrophic with the highest rates of GPP total occurring in MI and LYR ( Table 2 ). With the exception of MI, all regions remained net autotrophic throughout the summer, although the UR and LYR regions decreased to their lowest rates in August. However, MI alternated from net autotrophy to net heterotrophy in July, and remained net heterotrophic through August. Mumfort Island, which is just below the mesohaline−polyhaline transition zone, appears to be a trap for respirable organic matter. This region is also the most upriver location for recurring hypoxia based on previous Acrobat TM surveys (authors' unpubl. data). The CI region, just above MI, is a transition zone where the York River channel becomes wider and deeper compared to the broad shallow regions in the upper river. It is possible that estuarine circulation transports and retains labile organic matter in this region, which results in higher respiration rates within the water column and in the sediments (Fig. 8c,d ) without the elevated rates of GPP WC present in the LYR (Fig. 8a) .
Seasonal mean NEM for the entire system decreased from June to August with a subsequent increase in September as water column production increased and respiration declined. Interestingly, Ray mond et al. (2000) calculated that the York River, including portions of the tributaries, was net heterotrophic using open water DIC measurements. Raymond et al. (2000) also noted that the LYR region had the lowest rates of heterotrophy with seasonal net autotrophy. The discrepancy between Raymond et al. (2000) and this study may be due in part to the 2 different approaches used to measure NEM (in situ measurements of DIC versus component incubations). Although there have only been a limited number of studies that have utilized multiple NEM methods, these studies have highlighted discrepancies in NEM values associated with different techniques (Kemp & Boynton 1980 , Kemp et al. 1997 , Giordano et al. 2012 . It is also likely that the DIC method of Raymond et al. (2000) accounted for excess CO 2 from upriver tidal freshwater marsh systems, rather than water column processes within the estuary (Neubauer & Anderson 2003) .
Summer total organic carbon budget
Measured biological rate processes and computed physical transport of particulate and dissolved organic carbon from the surrounding watershed and lower Chesapeake Bay were combined into a seasonal budget of organic carbon fluxes in the YRE (Fig. 9) . As noted above, estimated errors on the rates each day of measurement (Figs. 5c-f & Fig. 6 ) are sufficiently well constrained to allow order of magnitude comparisons between major terms in the carbon budget even though errors were not propagated through these seasonal integrated values.
During the summer of 2008, internal water column production accounted for over half (57.5%) of all organic carbon inputs to the YRE, with advected POC and DOC from the lower Chesapeake Bay accounting for an additional 37%. It is not surprising that these 2 sources of organic carbon contributed significantly to this system; past studies of particulate and dissolved organic matter in the YRE have highlighted their significance within the mesohaline and polyhaline portions of the river (Countway et al. 2007 , McCallister et al. 2006a . Previous studies also indicate that organic matter from the Chesapeake Bay is important to bacterial secondary production within the LYR, contri buting 66 to 70% of bacterial production during October (McCallister et al. 2004) ; however, the contribution during the summer was reported to be significantly lower (8 to 10% in July).
Allochthonous POC and DOC entering from the watershed and tributaries were found to be comparatively low, accounting for less than 3% of organic carbon inputs during the summer. These allochthonous sources of carbon are likely to be more refractory in nature (McCallister et al. 2004 (McCallister et al. , 2006a , which would further limit their bioavailability. The role of MPB in this system also appeared to be limited, contributing only 3% of seasonal organic matter input. While it is likely that some of this organic matter can be transported to the deep channels of the York River following storm events, it is unlikely that this source would contribute significantly to the formation of hypoxia. Future management efforts including nutrient and sediment reduction strategies and improved water clarity may benefit MPB in this system, along with submerged aquatic vegetation, causing these sources to become more significant in the future.
It is interesting to note that the exchanges of POC and DOC to and from the Chesapeake Bay are nearly in balance during the summer. While the net exchange of POC and DOC across the mouth of the estuary appears to currently be in balance, this important exchange should be addressed in future management strategies. Nutrient reduction strategies focused on the tributaries may reduce phytoplankton production in the York River; however, this approach will not reduce POC and DOC entering from the lower Chesapeake Bay. A recent analysis of WC chl a concentrations over the past 50 yr by Harding & Perry (1997) found that the lower polyhaline mainstem exhibited the largest increase within any region of the Chesapeake Bay. It is likely that the outcome of nutrient reduction strategies for the York River will be influenced indirectly by the Chesapeake Bay. Similar studies in other sub-estuaries of the Chesapeake Bay have identified the mainstem as a source of labile organic matter, DIN, and DIP (Jordan et al. 1991 , which likely contribute to the elevated rates of GPP and net autotrophy in the LYR. The carbon mass balance indicates that internal water column and benthic respiration is approximately equal to the export of organic matter to the Chesapeake Bay, at 47% and 53% of all loss terms, respectively. Surface (< 5 and < 9 m for the meso haline and polyhaline, respectively) water column 36 Fig. 9 . Estimated total organic carbon budget for the York River estuary over the sampling season (June to September 2008) including physical inputs and outputs and biological production and respiration. All values are ×10 9 g C. MPB: microphytobenthos respiration in this shallow sub-estuary accounted for the majority of internal aerobic respiration (74%), with sub-pycnocline water column respiration accounting for an additional 15%. Benthic respiration along the shallow shoals and in the deep channels was found to be comparatively low (7% and 4%, respectively) compared to other internal sinks within the estuary. However, these measurements of aerobic respiration likely underestimate total benthic respiration, which includes anaerobic respiration occurring in the deep channel under hypoxic conditions and in anaerobic sediments.
CONCLUSIONS
The oxygen mass balance for the YRE indicates that internal respiration is sufficient to drive the system to hypoxia under stratified conditions, without the need for advection of hypoxic water from the Chesapeake Bay to reproduce the observed declines in DO. Although this system is directly affected by multiple organic matter sources, both autochthonous and allochthonous, this analysis indicates that internal water column phytoplankton production is the dominant source of organic carbon to the YRE during the summer. Reducing this labile source of organic material by implementing nutrient reduction strategies could potentially mitigate some current water quality concerns, although a more complete assessment of the magnitude of nutrient reductions necessary to cause these changes is required over multiple years and under a range of climate scenarios. Additionally, the net exchange of labile organic matter between the lower Chesapeake Bay and the YRE should not be discounted given the potential eco logical impacts and associated management implications of these inputs. 
